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Abstract. Since 1995, numerous close-in planets have been discovered
around low-mass stars (M to A-type stars). These systems are suscep-
tible to be tidally evolving, in particular the dissipation of the kinetic
energy of tidal flows in the host star may modify its rotational evolution
and also shape the orbital architecture of the surrounding planetary
system. Recent theoretical studies have shown that the amplitude of
the stellar dissipation can vary over several orders of magnitude as the
star evolves, and that it also depends on the stellar mass and rotation.
We present here one of the first studies of the dynamics of close-in plan-
ets orbiting low-mass stars (from 0.6 M to 1.2 M) where we compute
the simultaneous evolution of the star’s structure, rotation and tidal
dissipation in its external convective envelope. We demonstrate that
tidal friction due to the stellar dynamical tide, i.e. tidal inertial waves
(their restoring force is the Coriolis acceleration) excited in the convec-
tion zone, can be larger by several orders of magnitude than the one
of the equilibrium tide currently used in celestial mechanics. This is
particularly true during the Pre Main Sequence (PMS) phase and to a
lesser extent during the Sub Giant (SG) phase. Numerical simulations
show that only the high dissipation occurring during the PMS phase
has a visible effect on the semi-major axis of close-in planets. We also
investigate the effect of the metallicity of the star on the tidal evolu-
tion of planets. We find that the higher the metallicity of the star, the
higher the dissipation and the larger the tidally-induced migration of
the planet.
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1 Introduction
The motivation for this study is to make a first step in the combination of advances
obtained by two communities working on different aspects of tides.
On the one hand, a wide part of the community working on the tidal orbital
evolution of planetary systems uses an equilibrium tide model (such as the constant
time lag model: Mignard 1979, Hut 1981, Eggleton et al. 1998). This model allows
for fast computation, works for all eccentricities and thus facilitates a wide variety
of tidal orbital evolution studies (Leconte et al. 2010, Bolmont et al. 2011, 2012,
2015). Usually in such a tidal model, the tidal dissipation is taken to be a constant
and calibrated on observations (Hansen 2010, 2012). This model is also generally
used for rocky planets, however it has been shown that the tidal response of such
bodies could be very different thus leading to distinct tidal and rotational evolu-
tions (see Efroimsky & Lainey 2007, Mathis & Le Poncin-Lafitte 2009, Remus et
al. 2012, Makarov & Efroimsky 2013, Auclair-Desrotour et al. 2014).
On the other hand, the community specialized in computing the tidal response
of bodies uses complex models that are not compatible yet with the need of fast
orbital calculations. However, these models take into account the fact that the
stellar dissipation depends on the parameters of the stars and therefore evolves
with time. For instance, during the lifetime of a star and especially during the PMS
phase, its internal structure, radius and rotation evolve drastically. During the
PMS phase and for stars with solar metallicity and with masses between 0.35 M
and 1.4M, a radiative core appears and gets bigger while the size of the convective
enveloppe decreases. In the meantime, the rotation of the star evolves drastically:
it spins up on the PMS phase and then spins down due to the stellar wind (e.g.,
Gallet & Bouvier 2013, 2015). All these structural and rotational changes impact
the way the star dissipates the kinetic energy of the tidal flows (e.g., Zahn 1966,
1975, 1977, 1989, Ogilvie & Lin 2007, Remus, Mathis and Zahn 2012, Mathis 2015,
Mathis et al. 2016).
2 Model
We use here the model introduced in Bolmont & Mathis (2016), which takes into
account the evolution of the tidal dissipation computed by Mathis (2015) following
a first theoretical prescription derived by Ogilvie (2013). We refer the reader
to these articles for a complete discussion of the assumptions. In this model, a
frequency-averaged tidal dissipation in the convective envelope of low-mass stars
is computed. The source of the dissipation is the convective turbulent friction
applied on tidal inertial waves. These waves are driven by the Coriolis acceleration.
In presence of a stably stratified core, they can form sheared structures where
dissipation is important (Ogilvie & Lin 2007, Goodman & Lackner 2009). However,
the models of Bolmont & Mathis (2016) were computed only up to the end of
the MS. We use in this study new grids of tidal dissipation computed with the
evolution code STAREVOL (Gallet et al., submitted), which follows the stellar
evolution to the SG phase and even the Red Giant Branch (RGB) phase for the
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higher masses considered (0.9 – 1.4 M). Figure 1a) shows the evolution of the
tidal dissipation 〈D〉Ωω when assuming a constant stellar spin Ω (as done in Eqs. 1
and 4 of Mathis 2015). From the PMS phase to the beginning of the MS phase,
the tidal dissipation decreases by two orders of magnitude as the stellar radius
decreases and the radius and mass aspect ratios of the convective envelope increase
(e.g., Gallet et al., submitted). It then stays relatively constant on the MS as the
stellar radius and the aspect ratios vary modestly compared to the PMS and to
the post-MS phases. From the MS turnoff to the SG phase, the stellar radius and
the aspect ratios evolve importantly once more and lead first to an increase of the
tidal dissipation by two orders of magnitude and second to its decrease towards
the RGB phase.
Figure 1b) shows the evolution of the tidal dissipation 〈D〉ω, which scales as Ω2,
for an evolving stellar spin, for different metallicities and for two stellar masses.
As the star evolves, it first spins up due to the radius contraction and then spin
down from the ZAMS due to the magnetic braking induced by stellar winds (here
computed according to Bouvier et al. 1997. See also Bouvier et al. 2008, Gallet &
Bouvier 2015, Amard et al. 2016). From now on, we designate by dissipation the
frequency-averaged dissipation. When comparing Figure 1a) and b) we see that the
effects of accounting for the rotation history of the star are visible, especially during
the MS phase. While the tidal dissipation for a constant spin was constant during
most of the MS phase, taking into account the spin down of the star leads to a
decrease of the dissipation during this phase. In other words, while the dissipation
is mainly controlled by the structure during the PMS phase, it is mainly controlled
by the rotation on the MS. The increase of dissipation at the end of the MS phase
is still visible but considerably damped due to the much slower rotation.
Figure 1b) also shows the effect of the metallicity of the stars on the dissipation
within the convective envelope. Let us first consider the 1 M case. During the
first million years of the PMS phase, the dissipation is higher for lower metallicities
and this trend reverses at an age of about 6 Myr. This is mainly due to the delay
of the apparition of the radiative core for higher metallicities. From that moment
on, the dissipation of the metal-rich stars on the MS phase remain much higher
(up to 2 orders of magnitude higher) than the dissipation of the metal-poor star.
When the stellar metallicity decreases, and due to opacity effect, the radius and
mass of the radiative core tend to increase at a given age. As a consequence,
and because the size and mass of the convective envelope are reduced, the tidal
dissipation strongly decreases. This trend is also visible for the 0.4 M case, but
the difference of the dissipation between the metal-poor star and the two metal-
rich stars is much lower. For all cases, there is a much bigger difference between
the Z = 0.004 star and the Z = 0.0134 star than between the Z = 0.0134 star and
the Z = 0.0255 star.
The dissipation therefore depends very significantly on the mass of the star
and also its metallicity. Even for same mass stars, we could therefore expect dif-
ferent planetary tidal orbital evolutions and different stellar rotational evolutions
depending on the metallicity.
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a) b)
Fig. 1. Evolution of the tidal inertial waves dissipation in the external convective envelope
of stars with different masses at fixed rotation. a) Tidal dissipation of stars with masses
between 0.3 M and 1.4 M, for solar metallicity and constant stellar spin (Figure from
Gallet et al. in prep). b) Tidal dissipation of stars of mass 0.4 and 1.0 M for three
different metallicities: Z = 0.004, Z = 0.0134 (Z) and Z = 0.0255, and for an evolving
spin. The squares represent the Zero Age Main Sequence (ZAMS) and the crosses the
Terminal Age Main Sequence (TAMS). Between squares and crosses, the stars are on the
MS.
3 Tidal evolution of planets
Following the formalism introduced by Bolmont & Mathis (2016), we can investi-
gate the effect of stellar mass and metallicity on the tidal evolution of planets. As
Bolmont & Mathis (2016) already explored the former for the PMS phase and MS
phase, we concentrate here on more advanced stages of evolution: the SG phase
and RGB phase.
3.1 Late evolution of planets
Bolmont & Mathis (2016) showed that the PMS phase has a strong impact on
the tidal evolution: Jupiter-mass planets around initially fast rotating stars can
migrate outwards to a distance up to 3 times bigger than the initial orbital distance.
We investigate here whether the increase of dissipation (later called the dissipation
bump) occurring at the end of the MS phase has an important effect on the tidal
evolution of close-in planets.
Figure 2 shows the evolution of a Jupiter-mass planet around a 1.2 M star
as well as the evolution of the dissipation factor σ? (defined in Hansen 2010, the
higher the dissipation 〈D〉ω, the higher σ?, see Eqs. 8 and 10 in Bolmont &
Mathis 2016). Figure 2 also shows that the increase of the dissipation occurring
at the end of the MS phase has no effect on the tidal evolution of planets. There
are two main reasons for that and both of them are intrinsically linked with the
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Fig. 2. Tidal evolution of a 1 MJup planet at different initial orbital distances around an
initially fast rotating 1.2 M star. Top panel: Evolution of semi-major axis (in color),
P? = Porb (corotation radius, full black line), P? = 1/2 Porb (black light dashed line),
the Roche limit (black bold dashed line), the stellar radius (black dashed-dotted line).
Bottom panel: Evolution of the dissipation factor σ? (defined in Hansen 2010) for the
different cases.
spinning down of the star:
- Planets susceptible to feel the effect of the dissipation bump have to be quite
far away from the star and thus are less expected to be tidally evolving than
closer planets. Indeed, to feel the effect of the bump, the planet has to be
in the region where it excites the inertial tidal waves (i.e., above the black
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light-dashed line in Figure 2, region corresponding to Porb > 1/2P?). As the
star spins down due to the stellar winds, this region shrinks in time and the
planet has to be far away to be still evolving due to the dynamical tide at the
time of the bump (∼ 6 Gyr). The two closer planets in Figure 2 are too close
to feel the bump: they cross the P? = 1/2 Porb line at ∼ 1 Gyr and ∼ 4 Gyr
and proceed to fall onto the expanding star driven by the equilibrium tide.
However, the farthest planet experiences the late-MS increase of dissipation,
but is clearly not impacted.
- The second reason is that by the time this increase of dissipation occurs,
the star has spun down so significantly that the dissipation factor is actually
very small. The bottom panel of Figure 2 shows that the dissipation cor-
responding to the bump is only ∼ 2 times higher than the equilibrium tide
dissipation and is actually several orders of magnitude lower than during
the PMS phase. Due to the effect of the spin on the intensity of the tidal
dissipation, the dissipation due to the bump is actually very weak and does
not influence the planets susceptible to feel it.
To conclude, as was shown in Bolmont & Mathis (2016), the PMS phase leads
to the most significant tidal migration. The late stages of evolution are dominated
by the equilibrium tide, which slowly but surely makes the planet spiral inwards
on Gyr timescales until they reach the surface of the expanding star. The planet
engulfment leads to an acceleration of the spin of the star as illustrated by the
shrinking corotation radius (for the closest planet). This process may lead to the
creation of a population of old fast rotating RGB stars (Privitera et al. 2016).
3.2 Influence of the stellar metallicity
As Figure 1 shows and as was discussed in Section 2, the stellar dissipation in
the convective envelope also depends on the stellar metallicity because of the
corresponding modification of the stellar structure (Gallet et al. in prep). Figure 3
shows the tidal evolution of a Jupiter-mass planet around an initially fast rotating
1 M star (P?,0 = 1 day) for different metallicities: Z = 0.004, Z = 0.0134 = Z,
and Z = 0.0255. The orbital evolution is represented from the PMS phase (from
2.5 Myr) to the RGB phase. As the star is a fast rotator, close-in planets such as
represented here are outside the corotation radius. The planet therefore migrates
outwards in a few 107 yr, here from an initial orbital distance of 0.02 AU to ∼0.06
– 0.07 AU.
Figure 3 also shows that after the initial outward migration the planet orbiting
the metal-poor star does not migrate as far as those orbiting more metal-rich stars.
However in the very beginning of the evolution, it’s the opposite: the planet around
the metal-poor star migrates outward faster. This is due to the higher dissipation
of the metal-poor star during the first few million years of the PMS phase (see
Figure 1). After a few million years, the dissipation of the two metal-rich stars
becomes higher and can drive the migration for a longer time. At the end of the
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Fig. 3. Tidal evolution of a 1 MJup planet around an initially fast rotating 1 M star for
different metallicities. The full colored lines correspond to the semi-major axis evolution
of the planets for Z = 0.004 in purple, for Z = 0.0134 in dark blue and for Z = 0.0255
in light blue. The corotation distance is represented in colored dashed-dotted lines, the
stellar radius in colored long-dashed lines and the Roche limit in black long-dashed lines.
MS, the planet orbiting the metal-poor star is engulfed before the others simply
because it is closer and because its radius starts expanding earlier.
To conclude, planets initially orbiting fast rotating metal-rich stars outside the
corotation radius migrate farther away than planets around initially fast rotating
metal-poor stars.
4 Conclusions
We investigated the effect of the mass and metallicity of the star on the tidal
orbital evolution of close-in Jupiter mass planets. We found that, while the strong
dissipation occurring during the PMS phase has a strong influence on the planets’
orbital evolution (see Bolmont & Mathis 2016), the increase of dissipation at the
end of the MS is not responsible for any migration whatsoever. This is due to the
fact that the star considerably spins down from the PMS phase to the RBG phase.
We also found that for initially fast rotating stars, the higher the metallicity of
the star is, the farther the planet migrates. This actually goes against the observa-
tions of Adibekyan et al. (2013) and would necessitate further investigations. We
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should explore the parameter space for the initial conditions of our simulations,
and account for the biases that the formation processes induce on the distribution
of planets at the end of the protoplanetary disk (i.e., the influence of the metal-
licity on the initial distribution of planets, see Mordasini et al. 2012) Finally, we
should investigate the impact of the dissipation occurring in the radiative core,
which has been ignored in this study.
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